Yamane 1982) and DM-160 (Nishihira et al. 1994) were from Kyokuto Pharmaceutical Industrial Co. (Tokyo). Tissue culture flasks (T25, T75: Falcon), 55-cm 2 Petri dishes (Falcon), and 6-well (Ø35 mm) tissue culture plates (Corning Costar Corporation, Cambridge, MA, USA) were coated with type I collagen (Cell Gen, Koken, Tokyo) (Katayama and Kan 1991) . TE-cell lines (TE1-TE15) had been established in Second Department of Surgery, Tohoku University School of Medicine from 1979 (Nishihira et al. 1994 . Most of the tumor samples were obtained from resected primary lesions of esophageal cancer. Specimens were minced with knives, digested with collagenase, and inoculated into serum-supplemented medium. Fibroblasts were removed by differential trypsinization or mechanical scraping. Cells were maintained in DM-160 with 10% FBS.
Methods for the primary culture of HEE cells were modifications of previously described procedures (Katayama et al. 1984 (Katayama et al. , 1986 Katayama and Kan 1991) . The basal medium (HEE basal medium) consisted of hormone-free, Ca ++ -free medium RITC 80-7 (Kan and Yamane 1982) containing CaCl 2 (30 μ M), insulin (1 μ g / ml), transferrin (10 μ g / ml), FeSO 4 7H 2 O (1.5 μ M), L-proline (175 μ g / ml), ethanolamine (10 μ g / ml), DTT (50 μ M), L-ascorbic acid phosphate (100 μ M), and BSA (5 mg / ml). HEE cells were obtained from the non-neoplastic epithelia of esophageal cancer patients. Surgically resected esophagi were cut open longitudinally, and then the epithelium was stained with Lugol's solution to distinguish carcinoma from normal epithelium (Brodmerkel 1971) . Normal epithelium that was sufficiently apart from the carcinoma was obtained from the esophagus (Katayama et al. 1984) . The epithelium was minced with knives and digested for 90 min. at 37°C in 5 ml of Ca ++ -, Mg ++ -free phosphate buffered saline (PBS) containing 0.025% (wt/vol) trypsin and 0.02% (wt/vol) EDTA. The suspension was pipetted and centrifuged to pellet the cells, which were then resuspended in 5 ml of HEE basal medium supplemented with 10% FBS and an antibiotic antimycotic solution (100X; Sigma Chemical Co.), and were inoculated into a collagen coated tissue culture flask. After overnight culture, the flasks were rinsed 5 times with 5 ml of PBS, and this solution was replaced with 5 ml of HEE basal medium containing 10 ng/ml aFGF, 10 μ g/ml heparin, and an antibiotic antimycotic solution. Cells were then fed every 3 days with fresh medium without the antibiotic antimycotic solution. After 4-10 days the cultures became subconfluent and Squamous cell carcinoma of the esophagus is one of the most common fatal cancers worldwide (Lewin et al. 1995) . Studies at the cellular and molecular levels are important for advances in the diagnosis and treatment of esophageal carcinomas. To pursue these studies, we previously established a serum-free culture system for normal human esophageal epithelial (HEE) cells (Katayama et al. 1984 (Katayama et al. , 1986 , and 15 cell lines (TE-cell lines) from human esophageal carcinomas (Nishihira et al. 1993 (Nishihira et al. , 1994 .
We previously reported that crude bovine neural tissue extract effectively stimulates the growth of HEE cells, and serum inhibits their growth (Katayama et al. 1986 ). Bovine neural tissue extract is a widely used source of acidic and basic fibroblast growth factor (aFGF and bFGF, respectively) (Burgess and Maciag 1989) . Although we succeeded in establishing cell lines of mouse esophageal epithelial cells using aFGFsupplemented serum-free medium (Katayama and Kan 1991) , it was difficult to maintain HEE cells for serial passages in this medium. Recently, we found that ethanolamine was essential for the serial passage of HEE cells. Most of the TE-cell lines also grow well in serum-free medium supplemented with aFGF and ethanolamine.
Here we compare the growth properties of HEE cells and the TE-cell lines in defined serumfree conditions. We show that there are several differences in their responses to growth factors, ethanolamine, calcium ions, and conditioned media.
MATERIALS AND METHODS
aFGF, epidermal growth factor (EGF), transforming growth factor-α (TGF-α ), transforming growth factor-β 1 (TGF-β 1), ethanolamine, L-proline, heparin, bovine serum albumin (BSA), insulin, transferrin, trypsin (type III), soybean trypsin inhibitor (STI, type II-S), dithiothreitol (DTT), and pronase-E were from Sigma Chemical Co. (St. Louis, MO, USA). bFGF was from Becton Dickinson Labware (Bedford, MA, USA). Fetal bovine serum (FBS) was from Cansera International Inc. (Canada). L-Ascorbic acid phosphate, FeSO 4 7H 2 O was from Wako Pure Chemical Industries, Ltd. (Osaka). Hormone-free, Ca ++ -free medium RITC 80-7 (Kan and were subcultured using published methods as described (Katayama et al. 1986; Katayama and Kan 1991) . HEE cells were usually cryopreserved at the first passage in HEE basal medium containing 10 ng/ml aFGF, 10 μ g/ml heparin, and 10% dimetyl sulfoxide. Cryopreserved cells were thawed, cultured, and used for growth assays. Non-neoplastic esophageal epithelia had been obtained from surgery from 1982 to 1992, and the cryopreserved cells were utilized in this experiment.
For the growth assays of the HEE cells and TE-cell lines, we used a low-density culture system and cells that had been serum-starved before the assays to eliminate the conditioning effects of being cultured. Before the growth assays in serum-free medium, cells were maintained in HEE basal medium with 10 ng/ml aFGF and 10 μ g/ml of heparin for a minimum of 4 days. The medium was changed to the HEE basal medium without growth factors 1 day before the experiment. The cells were harvested as described (Katayama and Kan 1991) , and added at a density of 1 × 10 4 cells to 2 ml of HEE basal medium in each well of 6-well collagen-coated tissue culture plates. The medium was changed to the experimental medium 2 hours later. The number of cells in each well was determined by dissociating the culture with 0.0075% (wt/vol) pronase-E and 0.02% EDTA in PBS after 7 days of culture. The dispersed cells were then counted with a Coulter counter (Coulter Electronic, Inc., Hialeah, FL, USA). The number of cells was determined for duplicate wells. aFGF (or bFGF) solution containing 1000 : 1 (wt/wt) heparin to aFGF (or bFGF) was used for growth assays as described (Kan et al. 1988) . For experiments with ethanolamine or calcium, the experimental factor was omitted from the HEE basal medium (ethanolamine-free HEE basal medium, Ca ++ -free HEE basal medium). For experiments testing TGF-β 1, aFGF was used to stimulate cell growth. Increasing concentrations of TGF-β 1 (0, 0.03, 0.1, 0.3, 1, 3 or 10 μ g/ml) were added to medium, and the percent inhibition by TGF-β 1 was calculated at the concentration that had the greatest effect for each cell line. For the experiments using conditioned medium, TE3, TE9, or TE14 were grown in HEE basal medium with 10 ng/ml aFGF and 10 μ g/ml heparin in T-75 tissue culture flasks. After reaching subconfluence, the cells were washed twice with PBS, and incubated for an additional 2 days in the HEE basal medium free of BSA and insulin. Conditioned medium samples were spun at 500 × g to remove cellular debris and used directly in bioassays. Conditioned medium was added at 3, 10, or 30% to the HEE basal medium, and cell growth was then assayed.
Data are shown as the mean ± S.D. The statistical significance was calculated using Student's t-test. P values less than 0.05 were considered to indicate significant differences.
RESULTS

Growth requirements for normal HEE cells
The effects of EGF, TGF-α , aFGF, bFGF, or TGF-β 1 on the growth of HEE cells and TE-cell lines were analyzed. Because the effect of TGF-α was very similar to that of EGF, the data for TGF-α are not shown here. The dose-dependent effects of various growth factors are shown in Fig.  1 . aFGF was the most effective growth stimulant for HEE cells (Fig. 1A) . EGF also stimulated their growth, but EGF's growth-promoting activity was lower than that of aFGF, and the optimum concentration of EGF for stimulating HEE cell growth was much lower than that of aFGF. Although 30 ng/ml EGF has been used in cultures of human epidermal keratinocytes (Rheinwald and Green 1977) , HEE cell growth was inhibited at this concentration; at higher concentrations of EGF, the morphology of the HEE cells became spindle-like (data not shown). bFGF had little growth-promoting activity (Fig. 1A) . TGF-β 1 inhibited the growth of HEE cells in a dose-dependent manner (Fig. 1D ).
Growth properties of the malignant TE-cell lines
The TE-cell lines, except for TE4, could be roughly separated into two groups according to their growth properties. Cell lines in the first group, such as TE15 (Figs. 1B and 1E), grew in a manner similar to that of HEE cells. However, the cell lines in the second group, such as TE1 (Figs. 1C and 1F) , had different growth properties. For example, even though aFGF was the most effective growth stimulant for both types of cells, the response of TE1 to EGF or TGF-β 1 was different from that of HEE cells: neither EGF nor TGF-β 1 inhibited TE1 growth (Figs. 1C and 1F) , and the optimum concentration of EGF for TE1 was relatively high. Instead, TE1 responded to EGF much as to aFGF. The growth-promoting activity of bFGF was very low for both types of cells ( Fig. 1) .
Of the 15 TE-cell lines, only one, TE4, did not grow in serum-free medium supplemented with a growth factor. These cells required serum or conditioned medium from other TE-cell lines for their attachment and growth (data not shown). Because their attachment to dishes seemed very poor in serum-free medium, we analyzed attachment factors such as fibronectin and various types of collagen. However, neither coating the dishes with various attachment factors nor with serum was successful in supporting the attachment and growth of the TE4 cells (data not shown). Therefore, we excluded TE4 cells from the experiments in serum-free medium.
Different growth properties of TGF-β 1-sensitive cells and -resistant cells
The percent inhibition of HEE and TE cell growth by TGF-β 1 is shown in Fig. 2 . TGF-β 1 did not inhibit, but rather stimulated the growth of the TE7, TE10, and TE13 lines. Seven TE-cell lines (TE1, 5, 7, 8, 10, 13, and 14) that showed growth inhibition of less than 10% were designated TGF-β 1-resistant cells. The remaining seven lines (TE2, 3, 6, 9, 11, 12, and 15) and HEE cells were designated TGF-β 1-sensitive cells. For the HEE cells and the TGF-β 1-sensitive TE15 cell line ( Fig. 1A and 1B) , the optimum concentration and growth-promotion effect of EGF were lower than those of aFGF. However, the TGF-β 1-resistant TE1 cells responded similarly to EGF and aFGF (Fig. 1C) .
We analyzed quantitatively the differences in the growth properties between the TGF-β 1-sensitive and the TGF-β 1-resistant cells (Table 1) . We separated the HEE cells and TE-cell lines into the two groups described above, according to their TGF-β 1 sensitivity (TGF-β 1-sensitive cells, n = 8; TGF-β 1-resistant cells, n = 7). To examine the optimum concentration for growth factors, the half-maximum effective dose (ED 50 ) was determined from dose-response curves similar to those shown in Fig. 1 . The mean ED 50 for EGF in TGF- HEE cells and TE-cell lines were cultured in HEE basal medium in the presence of 10 ng/ml aFGF, 10 μ g/ml heparin, and increasing concentrations of TGF-β 1, as described in Materials and Methods. Cell number was determined from duplicate wells after 7d of culture. Results are expressed as maximum percent inhibition of TGF-β 1 for each experiment, for the concentration of TGF-β 1 that had the greatest effect. * TGF-β 1 had no inhibitory effect on the growth of TE7, TE10, or TE13 at any concentration. The HEE cells and TE-cell lines were separated into two groups according to the percent inhibition by TGF-β 1. Cell lines for which the % inhibition by TGF-β 1 was more than 10% were designated as TGF-β 1-sensitive cells (n = 8), and cell lines that had less than 10% inhibition in response to TGF-β 1 were designated as TGF-β 1-resistant cells (n = 7). Values are shown as the mean ± S.D.
c,d Half-maximum effective dose (ED 50 ) of EGF c or aFGF d on cell growth was determined from dose-response curves similar to those shown in Fig. 1. e The ratio of ED 50 of EGF to ED 50 of aFGF. f The ratio of the maximum cell number in medium with EGF to that in medium with aFGF. * p < 0.01, ** p < 0.05, TGF-β 1-sensitive cells compared with TGF-β 1-resistant cells by Student's t-test. β 1-sensitive cells (0.09 ng/ml) was much lower than that in TGF-β 1-resistant cells (0.55 ng/ml). The mean ED 50 for aFGF in the two groups (TGF-β 1-sensitive cells, 0.32 ng/ml; TGF-β 1-resistant cells 0.44 ng/ml) was similar to the ED 50 for EGF in TGF-β 1-resistant cells (0.55 ng/ml). To compare the optimum concentration between EGF and aFGF, we calculated the ratio of the ED 50 of EGF to the ED 50 of aFGF. This ratio (EGF/aFGF) for TGF-β 1-sensitive cells was significantly lower than for TGF-β 1-resistant cells (p < 0.01). To compare the growth-promoting abilities of EGF and aFGF, we calculated the ratio of maximum cell number for EGF to that for aFGF (EGF/ aFGF). This ratio for TGF-β 1-sensitive cells was significantly lower than for TGF-β 1-resistant cells (p < 0.05). In fact, the ED 50 and maximum cell number ratios in TGF-β 1-resistant cells were close to one. These results indicated that the TGF-β 1-resistant cells responded similarly to EGF and aFGF, but the TGF-β 1-sensitive cells responded differently to these two growth factors. The optimum concentration and growth-promotion effect of EGF on TGF-β 1-sensitive cells were lower than those of aFGF. Therefore, the responses of the TGF-β 1-resistant cells to EGF and aFGF were significantly different from the responses of the TGF-β 1-sensitive cells.
We also analyzed the differences in the nature of originating tumor between the TGF-β 1-sensitive and TGF-β 1-resistant cells. The histological types of TGF-β 1-sensitive cells lines (three well differentiated squamous cell carcinomas (SCC), two moderately differentiated SCC and two poorly differentiated SCC) were not so different from that of TGF-β 1-resistant cells (two well differentiated SCC, two moderately differentiated SCC, two poorly differentiated SCC and one adenocarcinoma) (Nishihira et al. 1994 ). In addition, between these two groups no obvious difference was recognized in the staging of original esophageal cancer and the morphology of cultured cells (data not shown) (Nishihira et al. 1994) .
Different responses to ethanolamine between TGF-β 1-sensitive and -resistant cells
Ethanolamine is required for the serial passaging of HEE cells. Because we noticed that ethanolamine modified the inhibitory effects of EGF (1 ng/ml), we analyzed the effect of ethanolamine on the growth of the HEE cells and TE-cell lines (Fig. 3) . Adding 10 μ g/ml ethanolamine to the medium increased the optimum concentration and growth-promoting effect of EGF or aFGF for HEE cells (Figs. 3A and 3B ). The growth properties of TE1 cells were not, however, affected by ethanolamine (Figs. 3C and 3D) . Interestingly, the different patterns of response to ethanolamine seemed to be correlated with the cells' sensitivity to TGF-β 1. We analyzed the differences in response to ethanolamine between the TGF-β 1-sensitive and TGF-β 1-resistant cells quantitatively (Table 2) . To compare the optimum concentration of each growth factor, we calculated the ratio of the ED 50 s obtained with (+) and without (−) ethanolamine. The ED 50 ratio for TGF-β 1-sensitive cells was significantly higher than that for TGF-β 1-resistant cells when cell growth was stimulated by EGF (p < 0.01) or aFGF (p < 0.05). To compare the growth-promoting ability of the growth factors, we calculated the ratio of the maximum cell number with (+) to that without (−) ethanolamine. The maximum cell number ratio for TGF-β 1-sensitive cells was significantly higher than that for TGF-β 1-resistant cells (p < 0.05) when cell growth was stimulated by aFGF. All of the ED 50 and maximum cell number ratios for TGF-β 1-resistant cells were close to one. These results indicated that ethanolamine increased the optimum concentration and growth-promoting ability of growth factors in the TGF-β 1-sensitive cells, but had no effect on the TGF-β 1-resistant cells.
Other growth characteristics
The cell growth of the HEE cells and TE5 line was highest in medium without Ca ++ (Table 3) . Because the albumin in the medium contains small amounts of Ca ++ (Katayama et al. 1986 ), we suspected that the albumin-supplied Ca ++ was sufficient for the growth of these cells. However, most of the TE-cell lines required higher concentrations of Ca ++ to grow (Table 3 ). In particular, in lines TE2 and TE10, the ratio of the cell number in cultures grown in higher-Ca ++ concentration medium to that in control medium was more than 10 (Table 3) . Therefore, Ca ++ seemed necessary for the rapid growth of these cell lines. In addition, increasing the concentration of Ca ++ changed the morphology of the HEE cells and all the TEcell lines to a stratified epithelial-like shape (data not shown).
bFGF was less effective than aFGF in promoting the growth of HEE cells (Fig. 1) . In TE11 cells, however, the growth-promoting activity of bFGF was higher than that of aFGF (data not shown). Therefore, we compared the growth-promoting activity of bFGF with that of aFGF in the HEE cells and all the TE-cell lines. We found bFGF had a much lower growth-promoting activity than did aFGF for HEE cells and all the TEcell lines except TE11 (data not shown).
We compared the effects of conditioned medium from three TE-cell lines on the growth of HEE cells and the TE-cell lines (Fig. 4) . Interestingly, the conditioned medium from each of the three TE-cell lines inhibited the growth of the HEE cells, although the medium from each TE-cell line stimulated the growth of all the TEcell lines.
DISCUSSION
More than 70 cell lines have been established from esophageal cancer and reported in the literature (Nishihira et al. 1993 (Nishihira et al. , 1994 . These cell lines were used for studies of their growth and differentiation properties, chromosomal aberrations, protein kinase C, growth factors and their receptors, oncogenes, and tumor-suppressor genes. Cultured normal human esophageal epithelial cells have been used as the counterpart of cancer cell lines in studies of carcinogenesis, and the growth and differentiation of cancer cells (Nishihira et al. 1993) . However, the growth properties of normal and cancer-derived esophageal epithelial cells have not been compared extensively.
To perform such studies, we needed defined culture conditions. Serum-free conditions are necessary for the culture of HEE cells to avoid terminal differentiation and to promote their cell growth (Katayama et al. 1986 ). Serum also should be omitted from the medium in experiments involving growth factors, since serum contains unknown factors that affect growth. We succeeded in establishing assay systems for normal and cancer-derived esophageal epithelial cells grown in serum-free, defined medium. We used aFGF and ethanolamine as substitutes for bovine neural tissue extracts. We found that it was best to eliminate the conditioning effects of high-density culture by growing cells at low density and starving them of serum or growth factors before using them in experiments to test growth factors. To our knowledge, this is the first reported comparative study of normal and carcinoma cells of the esophagus in serum-free conditions.
The growth-inhibiting effects of EGF on human squamous cell carcinomas, including esophageal carcinoma, grown in serum-containing medium were previously reported (Kamata et al. 1986 ). In our previous study (Katayama and Kan 1991) , we showed that EGF inhibited the growth of TE9, but stimulated the growth of TE11 slightly in serum-free, high-density culture conditions. Here, however, a stimulatory effect of a low concentration of EGF was observed on TE9 cells, using the assay system we had worked out for HEE cells. In serum-free and low-density culture condition, using starved cells, EGF stimulated the growth of HEE cells and all the TE-cell lines. The optimum concentration of EGF for some of these cell lines was very low. The discrepancy between the inhibitory effects of EGF described in the previous paper and its stimulatory effect in this paper could be explained by the presence of small amounts of EGF-like activities in the cultures. Because serum contains variety of growthpromoting activities, and cultured cells produce autocrine factors such as TGF-α and amphiregulin (Cook et al. 1991) , it is possible that the growth-promoting effect of EGF at low concentration was masked by such factors. Thus, only the inhibitory effect of EGF was observed in previous studies. Because we utilized serum-free, low-density cultures and starved cells, we were able to observe growth-promoting effects of EGF at low concentrations.
The optimum concentration for EGF to promote HEE cell growth was much lower than that for aFGF. The growth promoting-activity of EGF for HEE cells was also much lower than that of aFGF. For the TE1 line, however, the optimum concentration and growth-promoting activity of EGF was similar to that of aFGF. In fact, there seemed to be two types of cell lines in the series, one that was similar to the HEE cells and one that shared properties with the TE1 line. It was interesting to find that the cell lines similar to TE1 were resistant to the inhibitory effect of TGF-β 1. In addition, ethanolamine had no effect on these TGF-β 1-resistant cells, although the addition of ethanolamine changed the optimum concentration and growth-promoting effects of EGF and aFGF on TGF-β 1-sensitive cells. Thus, the response to TGF-β 1 seemed to be correlated with the responses to EGF and to ethanolamine.
Although TGF-β is a potent growth inhibitor in epithelial tissues, it is both a suppressor and a promoter of tumorigenesis (Massagué et al. 2000) . On one hand, TGF-β has a tumor-suppression function that is lost in many tumor-derived cell lines: nearly all pancreatic cancers and colon cancers have mutations disabling a component of the TGF-β -signaling pathway. Some of these mutations occur in the TGF-β receptors, Smad4 or Smad2; others may occur in hitherto untested or unknown components of the signaling pathway (Massagué et al. 2000) . On the other hand, in patients with esophageal squamous cell carcinoma, no mutations have been reported in the TGF-β type II receptor, Smad2, Smad3, or Smad4 genes (Osawa et al. 2000 ). An immunohistochemical study of esophageal carcinoma, however, revealed that Smad4 expression was negative in approximately half the esophageal cancer patients tested (Fukuchi et al. 2002) . In our experiments, half the cell lines were resistant to the inhibitory effect of TGF-β 1; however, we have not assessed whether these results are related to a loss of Smad4 expression.
Ethanolamine is required for the growth of many types of cultured cells (Arthur and Lu 1993) . Ethanolamine is thought to be incorporated into phosphatidylethanolamine, which is a major phospholipid of mammalian cell membranes, accounting for 20 -30% of the total phospholipid (Arthur and Lu 1993) . The EGF receptor on cell membranes has been reported to be altered by TGF-β treatment (Takehara et al. 1987 ): Longterm exposure of rat heart endothelial cells to TGF-β decreased the number of high-affinity EGF receptors, with almost no change in total receptor number. These results from previous reports suggest that alterations could occur near the cell membrane in TGF-β 1-resistant TE-cell lines. However, the reason the response to TGF-β 1 was correlated with the responses to EGF and ethanolamine is still unclear.
We utilized medium that contained a low concentration of Ca ++ (0.03 mM), because the cell growth of HEE cells in low-concentration Ca ++ was similar to that in the standard concentration of Ca ++ , and terminal differentiation could be avoided in low-Ca ++ medium (Katayama et al. 1986; Katayama and Kan 1991) . Most TE-cell lines required a higher concentration of Ca ++ for their optimum growth, and in two cell lines in particular, increasing the Ca ++ concentration increased cell growth more than 10-fold. Optimum growth of human skin keratinocytes has also been reported to occur at a very low level of Ca ++ , while fibroblasts require higher Ca ++ levels (Peehl and Ham 1980) . The Ca ++ requirement of the TEcell lines seems more similar to that of fibroblasts than to that of normal squamous epithelial cells.
Cultured cells have been reported to produce many factors related to cell growth (Katayama and Kan 1991; Hashimoto et al. 1994; Rodeck et al. 1994) . We found quite different responses between the HEE cells and the TE-cell lines to conditioned media from three TE-cell lines. It is possible that the conditioned medium from these lines contained growth-promoting factors that are specific to TE-cell lines or growth inhibitory factors that are specific for HEE cells. Further studies will be necessary to clarify what factors have these different growth properties in normal and malignant cells.
This study shows a variety of differences between human esophageal normal and malignant epithelial cells in culture. The identification of the mechanisms affecting the different growth properties of these lines will contribute to our understanding of the process of malignant transformation.
